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ABSTRACT

Biometric measurements (1149 determinations of body length, head capsule breadth,
and wet and dry weight), as well as determinations of the caloric value (89 com-
bustions) and oxygen consumption at 20°C (232 measurements) were performed
in the aquatic stages (larvae and nymphs), and winged stages (subimago and imago)
of Cloéon dipterum. It was found that in this species the linear body dimensions
increase in proportion to the number of the stage, and that the curves of the
incréase in wet and dry body weight are S-shaped. The development of the aquatic
forms of C. dipterum was characterized by a constant rate of the increase in dry
weight relative to body length and by a constant increase in the caloric value of
the body. In the development two periods differing in the intensity of the physio-
logical processes were distinguished: period I (stages L;—Lwv) characterized by
a more rapid rate of the increase in wet weight and by a rise of body hydration;
period II (stages Lwi—N) characterized by a higher oxygen consumption rate and
by a drop in body hydration.

1. INTRODUCTION

Cloéon dipterum, being a typically eurybiontic species (Fox, Simmonds
1933; Fox et al. 1937, Whitney 1939; Wingfield 1939; Dorier, Vaillant
1954; Chaurin 1956; Kamler 1971; Brittain 1974), also exhibits a wide range
of geographic distribution. In the Paleoarctic it occurs widely in the lenitic waters
of the whole Europe (I1lies 1967), in many environments being the predominant
species among Ephemeroptera (Harnisch 1957; Sowa 1959; I konomov 1960;
Macan 1962; Kamler 1971; Keffermiiller 1972), Larvae and nymphs of
C. dipterum, often occuring in masses, can be of great importance for the biocenoses
which they inhabit and may be an essential link of the trophic chain.

In ecological studies of a population it is indispensable to know the values of
the biometric and bioenergetic parameters as well as to know their interrelations
in the development of the investigated species. Although C. dipterum being a widely
spread species is often the object of various studies, the relevant literature data
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are rather fragmentary; namely, they usually concern only one selected parameter
and they report the mean values for the total development. Objectives of the present
study were to investigate the course of changes in hody proportions, hydration and
caloric value of the body as well as in the oxygen consumption; moreover, the aim
was to determine the correlations between body dimensions, body weights and
maintenance costs during the development of C. dipterum.

2. MATERIAL AND METHODS

Experimental material

Cloéon dipterum (Linné) of genus Cloéon (Leach 1813) (Ephemeroptera : Bae-
tidae) was determined with the use of the keys by Mikulski (1936), Bogoescu
(1958), and Sowa (1975).

The material of larvae and nymphs of C. dipterum originated from an isolated
small water body (in Wawer, near Warsaw). The specimens caught were, together
with water, algae and mud from the natural environment, transferred to the labo-
ratory where after 1—2 weeks’ acclimatization at 293 K (20°C) they were used for
respiration measurements (also at 20°C). The material employed for the biometric
measurements and combustions was preserved in a 4% formalin solution.

Biometric parameters (body dimensions and body weights) and the bioenergetic
parameters (caloric value, oxygen consumption) were determined for the aquatic
stages — larvae and nymphs, and for the winged forms — subimago and imago; the
dimensions of the mesothoracic wing pads relative to the successive segments of
the thorax and abdomen of the larva served as a criterion for classification.into
stages (Cianciara 1979a). All investigated individuals belonged to the winter
generation of C. dipterum (Cianciara 1979b).

Biometric measurements

For the investigated stages (larvae L;—Lvy, nymphs, subimago and imago),
measurements were made of: body length, head capsule breadth, and wet and dry
body weight of each individual. A total of 1149 individuals of C. dipterum were
measured.

Body length from the apex of the head to the base of the tail (I, mm), and the
breadth of the head capsule (h, mm) were measured (Fig. 1) using a stereoscopic
microscope (magn. 3X8) with a measuring eyepiece (one scale — 0.03 mm).

Wet body weight (Wye, mg) was measured after drying of animals on filter
paper, whereas the dry body weight (Wary, mg) was determined upon drying of
single individuals in aluminium foil vessels in a desiccator over NaOH, at 50°C,
to constant weight (Dowgiallo 1975). Measurements performed using a Sartorius
analytical balance were exact to 0.01 mg.

For each stage calculation was made of the mean values (x), standard deviations
(£ SD), and confidence intervals (* ci) of the linear dimensions (I and h) and body
weights (Wt and Wary). Results obtained for the successive stages were compared
statistically. It was assumed that probability p<<0.01 indicates high significance
(HS), 0.05> p == 0.01 — significance (S) and p == 0.05 — no significance (NS). If the
differences were found to be significant (Bailey 1959), their numerical value was
calculated: x; — x, £ Lggs where Lggs is the 95% confidence interval of difference
between means — Oktaba (1974).
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Fig. 1. Schema of biometric measurements of C. dipterum: | — body length, h —
head capsule breadth; 1—10 abdominal segments

The percentile content of dry weight against body weight of a mean individual
was calculated for each stage. The relationship between wet weight (W, mg) and
dry weight (Wary, mg) was described by a linear regression equation: Wue=a+be
*Wary (Pattée 1968). The relationships between wet weight (W.e, mg) and dry
weight (Wary, mg), and the linear body dimensions (length — I, mm and head
capsule breadth — h, mm) were described by logarithmic regression equations. By
using the significance tests for comparison of the coefficients of two regressions
(Bailey 1959, Simpson et al. 1960), the results obtained for the successive
stages were analyzed. For the groups of stages, for which the differences in the
regression coefficients between the different stages were insignificant (NS), moreover
the common regressions for groups were calculated.

Determination of caloricity

The caloric value was determined directly by combustion in a adiabetic
bomb microcalorimeter (Phillipson 1964), as modified by Klekowski (Kle-
kowski, Beczkowski 1973). )

The caloric value (cal/mg dry weight) was measured for seven larval stages,
nymphs, subimago and imago of both sexes of C. dipterum. For each stage, the body
caloricity was determined in 6-—10 replicates. A total of 89 combustions were carried
out. Moreover, 5 determinations of the caloric value of the exuviae were performed.

From so determined the caloric value and mean dry body weights of individuals,
the caloric equivalent of the body (E, cal/indiv.) was calculiated for each stage. For
conversion to the SI system units: 1 cal = 4.184 J.



380 S. Cianciara

Oxygen consumption measurements

Oxygen consumption was determined at 20.0°C X 0.015 (293 K). The youngest
larval stages (Ly Ly, Lim — Cianciara 1979a) were studied in Cartesian divers
by the procedure described by Klekowski (1971). In the measurements of the
amount of oxygen consumed by C. dipterum, one young individual was placed in
each Cartesian diver. A total of 23 respiration measurements in the divers were
carried out.

Moreover, 209 measurements of oxygen consumption (all stages) were performed
in volumetric microrespirometers, as modified by Klekowski (1975). In the
respirometric vessels the investigated individuals (either 2—5 indiv. of stages
Li—Lv or 1 indiv. of the older stages per vessel) were placed in 0.3 cm?® of water.
As CO, absorber, 0.05 cm3 of 25 NaOH solution was used. Respirometers were
equipped with capillaries (capacity about 10 mm3) permitting readings exact to
0.05 mm3 O,

Animals removed from the respirometers after the oxygen consumption measure-
ments were preserved (4% formalin sclution), measured (I, mm and h, mm) and
weighed (Wwt, mg and Wary, mg).

For each developmental stage of C. dipterum the mean volume of oxygen con-
sumed (R, mm?3 Oy/indiv.-h) was calculated; the values obtained for the successive
stages were compared statistically. For some selected stages, the mean oxygen
consumption rate (mm3Oy/h-mg wet weight and mm?2 O/ mg dry weight) was
also calculated.

The oxycaloric coefficient was assumed to be 0.005 cal/mm30, (Winberg
1968; Trama 1957, has also used this value for mayfly Stenonema pulchellum).
Multiplication of the oxygen consumption by this coefficient gave the caloricity
losses for respiration. ,

The relationships between the oxygen consumption (R, mm? Oy/indiv.-h) and
body weight of animal (W, mg and Wary, mg) were described by logarithmic
regression equations, and the relationships between the oxygen consumption and
the linear dimensions (I, mm and h, mm) — by exponential regression equations.
With the use of the significance tests for comparison of the exponents of two
regressions (Bailey 1959; Simpson et al. 1960), the above-mentioned relation-
ships were analyzed for the successive stages. For the developmental periods, for
which no significant differences between the successive stages were found, one
common regression was calculated.

3. RESULTS

A. BIOMETRY

Biometric measurements were perfomed in 1149 individuals belong-
ing to all developmental stages of C. dipterum: larvae (L;—Lyy;), nymphs
(N;, Npy), subimago (S) and imago (A). For stages Nj, Ny, S and A,
113 females and 116 males were measured.

Body length (I, mm) and head capsule breadth (h, mm), found for
the different developmental stages of C. dipterum, are presented in Fig. 2
and Tab. I. Although the ranges of the minimum and maximum values
(Tab. I) for the successive stages overlap, significant (HS) differences
in the mean values of the measured dimensions between stages from
L; to N; were found; as concerns the nymphs and winged forms of both
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Fig 2. Linear body dimensions (x X c¢i) in the successive developmental stages of
C. dipterum: A — body length (1), B — head capsule breadth (h)

sexes, the linear dimensions either showed no differences (NS) or the
differences were of low significance (S). Females (Tab. II, Fig. 2A) were
much longer than males (HS) for all stages, except that of imago for
which the differences in body length were at the limit of significance (S).
This was doubtless due to the low number of individuals measured (9 fe-
males and 7 males); the winged forms were not, however, the main object
of the present studies. On the other hand, there was no difference (NS)
(Tab. II, Fig. 2B) in the mean head capsule breadth between females
and males.

The curves of the increase in wet (W, mg) and dry (W4, mg)
weight of a mean individual in the development of C. dipterum were
S-shaped (Fig. 3). Differences in body weights of mean individuals bet-
ween the successive stages were significant (HS) (Tab. III), with the
exception of the dry weight of the nymphs and winged forms of both
sexes, for which the differences were NS or S. Females were much
heavier (HS) than males (Tab. IV, Fig. 3).

Moreover, the weight of exuviae was measured for each stage. Dry
weight of exuviae was expressed as percentage against the dry body
weight. Larval exuviae accounted for about 5% of dry body weight of
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Table II. Mean liner dimensions as a function of sex in C. dipterum

Stage dlmf:::zns BOdy length (M) Hoad Ca(‘:rsl:ll':; preadh
Sex: e | 3¢ e | a3g
X+SD 8.76+045 | 7.72+049 | 1.39+0.10 | 1.35+0.11
Ny t 11.65—HS 1.97-NS
(x1—x2)+Lo.os 1.044-0.17 —
x+SD 9.12+045 | 8124054 | 1.42+0.11 | 1.38+007
Nu t 7.65—HS 1.64—NS
(%1 ~%2)+Lo.os 1.0040.27 —
*+SD 9.1940.79 | 8214080 | 1.50+006 | 1.48+0.08
S t - 3.80—HS 0.91—-NS
Gi1—%2)+Lo.os . 0.98+0.55 —
*+SD 9294090 | 8.43+0.62 | 1.45+007 | 1.46+0.06
A t 2.16—8 0.24—NS
(x1—x2)+Lo.os " 0.864-0.82 _

weight { Wwt ,Wdr»,.mg )

‘D/I l

]

L

Iy lw by v by br N Ng S A

stages

Fig. 3. Body weights (¥ £ ci) of a mean individual in the successive developmental

stages of C. dipterum: 1 — wet weight (Wu), 2 — dry weight (Wary)
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Table IV. Mean body weights as a function of sex in Cloéon dipterum

Dry weight (mg)

Stage 7Body weight:_ Wet weight (mg) !
Sex: o | 33 ! 99 | 33
x£SD | 1254:291| 834178 | 3374084 | 2.38:0.56
N, : 9.28— HS 7.40—HS
(t1—x2) % Loos 4.20:0.88 © 0991026
~ 3-sD 1622:1.62| 9.6041.50 | 4051052 | 2624048
Nun oy 16.11—HS 10.97—HS
(1—x2)tLos 6.62-+0.84 1432027
 kiSD | 13.554218) S8:171 | 3.98-062 | 2575055
s | 8.13—HS ' 7.18—HS
(G1—%2)=Lo.os 5.37:1.38 1.411041
| xiSD | 10095201] 472:059 | 3441062 | 1951025
A ; 6.92—HS 580—HS
Gi=3)tLoos | 5475 1.80 1.49-0.58

larvae (stages L; to Lyy1). Exuviae of nymphs (N; and Npj) represented
about 5 and 7.5%, respectively, of dry body weight of females and about
7 and 11.5%, respectively, of dry body weight of males. Subimaginal
exuviae accounted for about 13 and 16% of dry body weight of females
and males, respectively.

T T T 1 T T 1 1 1
Vs -
£
5 | i
- G \ —4
=]
® \b"/\\ \/3\
5t 4
] I ] ) ] L)t !
by Ly by Ly Ly b Ny Ny S A

stages

Fig. 4. Changes in the proportion of body length (1) to head capsule breadth (h)
in the successive developmental stages of C. dipterum

In the larval development (Tab. I, Fig. 4) small changes in the body
proportions, expressed by the ratio of body length to head capsule breadth
were observed; on the average, for larvae: I/h=6.17. In stages for which
sex was distinguished (nymphs and winged forms) the females were
slimmer (on the average: 1/h — 6.33) than males (on the average: l/h=
=5.73).

Hydration of the body of larvae (Li—L~r11) was approximately cons-
tant; for these stages the mean content of dry weight (Tab. III, Fig. 5)
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was about 24%. Stages from L; to Ly exhibited a-small drop in dry
weight content (from 23.7/6 to 21.8%), and then an increase to 33.7 and
41.4% in imago of females and males, respectively.

T ] T t 1 ¥ T ] 1 T T
' &
LDF l 4
]
]
E /
=
£ ?
;. /
g 30~ —
2
>
5
20L—! S0 DN NS T N T B B

i
L by bp by by by Lim N B S A
stages

Fig. 5. Changes in percentile content of dry weight against body weight in the
‘ successive developmental stages of C. dipterum ‘

" The relationship between wet (W, mg) and dry (Wa,, mg) weight
was calculated for 1096 larvae and nymphs weighing from 0.05 mg to
21.24 mg wet weight. This relationship was described by the linear regres-
sion equation:

W,.:=0.16-+3.95 W,

where: correlation coefficient r=0.97 (95%0 confidence interval: for in-
tercept a=0.158310.0196, and for slope b=3.954710.1588).

The relationships between wet (W,, mg) and dry (W4, mg) weight,
and between body length (I, mm) and head capsule breadth (h, mm) were
described by logarithmic regression equations (Tab. V). It was found
that only the relationship between dry weight and body length (Fig. 6)
during the development of the aquatic forms ef C. dipterum remained
relatively constant; the fact that the points on the plot, corresponding to
individuals with dry weight below 0.06 mg, somewhat depart from the
regression line may result from too great a weighing error (£0.01 mg),
as compared with the small dry weight of individuals of the youngest
stages. On the grounds of 1096 measurements of individuals with body
length from 1.98 mm to 10.29 mm, belonging to stages L;—Nji, this
relationship was expressed by the equation: -

' Wary=0.001 1368, :

This equation, in logarithmic form and upon the application of 95%
confidence limits for coefficients a and b, assumes the form:

log W4, =(3.01551+0.0342) +(3.6802 £ 0.0489) log L.

The high correlation coefficient (r=0.98) points to a close correlation

between body length and dry weight of larvae and nymphs of C. di-
pterum. o :
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Fig. 6. Relationship between dry weight (Wary, mg) and body length (I, mm) in
C. dipterum (n=1096)

The remaining relationships (Tab. V, Fig. 7) were different. They did
not remain constant during the development of the aquatic stages, but
they differed for two groups of stages: from L; to Ly and from Ly; to Nyp.
The differences between these groups were significant (HS).

For the winged forms (subimago and imago jointly) the relationship
Wye,/l was calculated; it was found that:

— for females: Wgq,,=0.144 1151 (where n=30; correlation coefficient
r=0.74; body length: 7.80—10.08 .mm),

— for males:Wg,,=0.0351198 (where n=23; correlation coefficient
r=0.79; body length: 7.29—10.79 mm). The differences between the
coefficients of these regressions were insignificant (NS). On account of
too narrow a range of the head capsule breadth for the winged stages,
the equations of the relationships W,/h and Wg,/h could not be for-
mulated. :
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Fig. 7. Relationship between wet weight (Wwt, mg) and body length (I, mm) in
C. dipterum: 1 — stages Li—Ly (n=1712), 2 — stages Lyi—N (n=384)

Mathematical description of the highly significant relationships
between dry weight and body length, as well as between the wet and dry
weight of C. dipterum may be of great importance for research, since it
permits us to predict accurately — on the basis of the knowledge of one

body parameter — the remaining ones.
B. CALORIC VALUE AND CALORIC EQUIVALENT

The caloric value of the body of C. dipterum, i.e. the caloricity cal-
culated per unit of weight (cal/mg dry weight) increased with the develop-
ment of larvae (Tab. VI); for stage Ly it was about 209 higher than for
stage L;. During the development the maximal caloric value was found
for subimago of both sexes, and a slightly lower one — for the imago

stage.
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Table VI. Caloric value and caloric equivalent (E) in some selected vdevelopn;len tal stages of
: Cloéon dipterum; 1 cal=4.184 J

_ “Caloric value ! Caloric equivalent
Stage | cal/mg dry weight ‘ —
x+SD | cal/indiv.’ l cal/exuvia
Ly 5.02334-0.0743 | 0.2009 ‘ 0.0108
Lu : 5.2578:+0.1480 | 0.3943 0.0203 .
Lin 5.5698+0.5302 |  0.7198 . 00379 |
Liv 5.7092-+-0.3574 1.4958 0.0709
Ly 5.7168+:0.3044 28012 | 0.1326
Lwt 6.0088+-0.1914 6.0869 - 0.2741
Lvu ! 6.07161+0.4248 9.76924‘; 0.4354 1
w | Ny | 6.280810.3884 21.1475 09112 |
= | Ny 6.4172--0.4008 25.9640 -, 1.6424
5 s 6.5011-:0.3075 25.9004 . | 28032
A 6.45534-0.3185 22.1869 —
~ N; 6.0698+-0.3678 14.4461 0.9017
£ | Nu 61239203204 160262 : | 1.6289
= ! S 6.1843-+£0.3200 15.8998 . 2.2265
A 6.00450.4408 11.7328 —
mean , '
exuvia 5.4125-+0.0969 —

The caloric equivalent (E, cal/indiv. — Tab. VI), i.e. the caloricity of
a mean individual, increased for the successive stages and attained
a maximum for nymphs Nj; of both sexes. In the;course of the develop-
ment of the aquatic forms, the caloric equivalent (E, cal/indiv.) increased
with a rise of dry weight (Wyg,,, mg), according to the equation:

=5.957 W4,,10%6 (correlation coefficient r=0.99). On the other hand,
after metamorphosis, in the winged forms which do not feed (subimago
imago), the caloric equivalent decreased (by about 15 and about 217%/¢
in females and males, respectively), as compared with its value for
nymphs Njj.

It was assumed that the caloricity of exuviae does not change during
the development. The mean caloric value of exuviae of C. dipterum was
5.41 cal/mg dry weight. Moreover, the caloric equivalent of exuviae
(E, cal/exuvia) was calculated for each stage (Tab. VI).

The ash content in the investigated material was estimated only from
the residues after combustion in the microbomb; ash accounted, on the
average, for about 4% of dry body weight of animals and for about 7%
of dry weight of exuvia. ‘ : :

C. OXYGEN CONSUMPTION AT 20°C

For the youngest larval stages (L;, Ly, L), 23 measurements of the
oxygen consumption were performed in manometric respirometers (Car-
tesian divers) and 50 measurements — in.volumetric respirometers. The
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Table VIL Oxygen consumption of the youngest larval stages
of Cloéon dipterum at 20°C—comparison of two methods

Methods of Manometric | Volumetric St
measurement : respirometer | respirometer ages
n 23 | 50 |
Wet Means 0.431 I 0.428 L—Lu
weight
(mg) min-mix | 0.16—-0.89 | 0.14—0.94
x-+SD 0.224-+0.057 1 0.219--0.018 L
A 1
SR 0.03—NS
S Z | x:SD |0.228:-0.042 | 0.252-0.047
| B&E& |— Ly
| E™ ' " 0.52—NS
3 £ —_ i
§ o) x+SD | 0.3444.0.075 | 0.400+0.114 L
s L . 11
§n E t 0.53—NS
27 | x+SD |0.267--0.080 | 0.315:-0.115
(@) Li—L
‘ 0.46—NS

values obtained with the use of divers were on the whole somewhat lower
(NS) (Tab. VII); since the results obtained by the two methods did not
differ significantly, they were considered jointly.

The volumes of oxygen (R, mm3 Oy/h) consumed at 20°C by a mean
individual in the successive developmental stages were compared . (Tab.
VIII, Fig. 8), and significant differences (HS) between the individual
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Fig. 8. Oxygen consumption (R, mm?Oy/h-indiv.) at 20°C in each deve]oi‘:mental
stage of C. dipterum, and 24-h energy expenditure for respiration (cal/indiv.); the
values of x T ci are given
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stages were found. Only the differences in respiration between nymphs
N; and N; of males were insignificant (NS). In all stages (Tab. IX, Fig. 8),
the females consumed more oxygen than males, but the differences were
significant (HS) only for stage Nip.

Oxygen consumption at 20°C was maximal for the stage of nymphs
(Npp). With the use of the right scale in Fig. 8, readings were made of
the 24-h energy losses for respiration (Tab. VIII), remaining within the
range: from about 0.02 cal/indiv. for stage L; to about 1.26 cal/indiv. for
stage Ny in females, i.e. about 0.08 and 5.27 J/indiv., respectively.

During the development of C. dipterum, changes in the oxygen con-
sumption rate (mm3 Oy/h — calculated per unit of wet and dry weight)
were observed (Tab. VIII, Fig. 9). At 20°C, a high oxygen consumption
rate was shown by the stages of young larvae (maximum for stage Lp)
and by nymphs before metamorphosis. A low oxygen consumption rate
was found for the stages of big larvae (minimum for stage Ly1) and for
the winged forms (subimago) of both sexes. Males after metamorphosis
exhibited (Tab. IX, Fig. 9) a much higher (HS) oxygen consumption
rate than females, whereas for the stages of nymphs no differences were
found (NS).

Relationships between the oxygen consumption (R, mm3 Oy/h-indiv.)
and body weight (W,,, mg and W, ,, mg) as well as between the linear
dimensions of the body (I, mm and h, mm) were described by regression
equations. Statistical comparison was made (Tabs. X and XI) of coeffic-
ients b of the calculated regressions for the successive stages. Common
regressions were calculated for the developmental periods for which no
differences (NS) between the successive stages were found (Tab. XII). All
regressions were highly significant.
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Fig. 9. Oxygen consumption rate (x £ ci) at 20°C in the successive developmental

stages of C. dipterum: 1 — oxygen consumption, mm? Oy/h-mg wet weight, 2 —
oxygen consumption, mm3 Oys/h' mg dry weight
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Table X. Comparison of coefficients b of regressions of the relationship between
oxygen consumption (R, mm?® O,/h - individual) and body weights (W,., mg and
Wary, mg) in some selected developmental stages of Cloéon dipterum—at 20°C. The
numbers represent the ¢ value (acc. to Simpson et al. 1960); HS—highly significant
differences, S—slightly significant differences, NS—no differences

! !

Stages Ly Lu "L ! LIV

| | .
' Lv ! Lw L | N2Q | Ngg
| i !

L |xx |o72| 201 138 | 102|370 |
[
|
|
!

|
| 8 .
NS | NS | NS NS | HS | HS | HS | HS
Ly 090 | XX | 089 | 035 | 020 | 2.62 |
NS "NS | NS | NS | HS | HS | HS | HS

L 186 | 1.05 | XX | 063 | 0.82 | 1.97 | 1.99 | 1.46 | 3.46
NS | NS NS | NS | S S NS | HS |

Liv 219 | 1.16 | 006 | XX | 022 | 2.52 | 2.63 | 1.99 | 4.08
S NS | NS NS | HS | HS | S HS

Lv 1.68 | 0.57 } 0.55 | 0.65 | XX | 2.64 | 2.75 | 2.11 | 4.31

NS [ NS | NS | NS HS HS S HS
Lvi 3.08 | 219 | 1.41 | 142 | 1.96 | XX | 0.69 | 0.43 | 0.9
HS S NS | NS | S 4 ; NS NS | NS
Lvu 423 | 230 | 1.08 | 0.62 | 1.99 | 0.85 | XX | 0.16 | 2.07
HS S NS | NS S NS NS S
N22 244 | 1.63 | 088 | 086 | 1.29 { 039 | 029 | XX | 1.32
S NS | NS | NS | NS | NS | NS NS

Relationship: R (mm? O,/h- indiv.) and W, (mg)

Ngg 3.55| 2431 1591 197 2.11| 014| 109} 0.54| XX
HS S NS S S NS | NS NS

Relationship: R (mm3 0,/h . indiv.) and W, (mg)

It was found (Tab. XI) that only the relationship between the oxygen
consumption and body length (R/l) was constant in the development of
larvae and nymphs. On the grounds of 191 measurements of the oxygen
consumption of individuals from stages L;—Np of C. dipterum (body
length 2.29—10.29 mm), the equation of exponential regression was
calculated (Tab. XII). This equation, in a logarithmic form and upon
application of a 95% confidence interval for coefficients a and b of the
regression, assumes the form:

log R=(2.6027+ 0.0525)+0.4343 (0.5844+0.0222)-1,

where: 0.4343=log e. Also a graphic interpretation of this equation (Fig.
10) confirmed the statistical calculations: on a semilogarithmic scale, the
points representing the measurements were arranged along one straight
line.

An analysis of the remaining relationships (Tabs. X and XI) showed
that in the development of the aquatic forms of C. dipterum two periods
differing in the oxygen consumption rate could be distinguished (Tab.
XII). Points representing the measurements of respiration for the second
period were arranged along steeper lines (Figs. 11 and 12). Oxygen con-
sumption of older larvae and nymphs was higher than it could be ex-
pected from their body weights. The relationship between the oxygen



Table XI. Comparison of coefficients b of regression of the relationship between
oxygen consumption (R, mm?® O,/h- individual) and linear body dimensions (/, mm
and 4, mm) in some selected developmental stages of Cloéon dipteruim—at 20° C.

Denotations as in Tab. X

I ! ! : i
Stages| L | Lu (L |Lwv |Lv |Lw |Lw | N$9 | N3g |
L XX | 055 | 059 | 118 | 058 | 017 | 119 | 020 | .11
| Ns | Ns | Ns [ Ns | Ns [ Ns [Ns |ns |
Ly 045 ' XX | 001 | 050 | 0.09 | 047 | 0.36 | 0.83 | 0.38 *
NS NS | NS | NS | NS | NS | NS | NS
Lm | 076 | 048 | XX | 055 010 | 0.52 | 041 | 0.89 040 | £
NS | Ns NS | NS | NS | NS | NS | NS | §
Ly | 133|109 | 050 | XX | 075 | 1.23 | 030 | 1.53 | 086 | =
NS | NS | NS NS | NS | NS | NS | NS | 5
Ly [ 061 01903 | 098 XX | 051 | 071 | 091 | 036 | 3
NS | NS | NS | NS NS | NS | NS | NS | B
Ly 350 | 342 | 204 | 141 | 327 [XX | 137 051 001 |
_HS | HS | s NS | HS NS | NS | Ns | T
Lwn | 394 14021233 [1.32 | 381 | 032 XX | 164 |08 | &
HS | HS | HS | NS ' HS | Ns NS | NS | o
Ngo | 098] 080| 041| 001 072] 107| 095| XX | 248 E
NS | NS | NS | NS | NS | NS | NS S ~
Ng3 | 1801 1.62/ 1071 063| 1521 046| 031| 0.53| XX| &
NS ! NS | NS | NS | NS | NS | NS | NS K
- =}
Relationship: R (mm® O,/h - individual) and 4 (mm) g i
]
|

50

oxygen consumption [ R,mm*0,

/indiv-h)
3
°©

[1,]
(=]
T

=
o
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length of body (1, mm)

Fig. 10. Relationship between oxygen consumption (R, mm%h-indiv.) and body

length (I, mm) in C. dipterum at 20°C (semi-logarithmic scale): 1 — stages L;y—Ly

(n=115), 2 — stages Ly—N (n="176), 3 — females, stages S and A (n=21), 4 — males,
stages S and A (n=20)
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Table XII. Relationships between oxygen consumption (R, mm?® O,/h- indiv.) and body weight
(W, mg and W,,,, mg), and linear dimensions (/, mm and A, mm) in C. dipterum—at 20°C

Relztionship Dispersion R'egression equations

calculated Stages n range (with 95 9 confidence interval for r

(min-max) coefficient b)

=

5 Li-Lv 115 |0.14— 2.82mg | R=0.4794 - W,, 0-562420.0488 0.9066
Z| RIW, | Lu-N | 76 |1.93-21.24mg| R=0.1741- W,, }4658:0.0955 0.9633
=

- QUAS+A)| 21 |7.48—15.87mg| R=0.6722- W,, 0-6989£0.2479 0.8840
=

3 33(S+A)] 20 |3.67—11.58mg | R=1.0000- W,, 0-6904%0.2255 0.8586
"E' Li-Lv 115 |0.02— 0.68 mg | R=1.0789. W,,, 0-5605%0.0505 0.8999
= LN 76 |042— 540mg | R=1.4703. W,,, 1-3058+0.0843 0.9635
é R/Wsy, | 99(S+A)| 21 |3.15— 4.64mg | R=0.7270 . W,,, 1-2132+0.6870 0.7987
‘é 33(S+A) 20 |1.79— 325mg | R=1.4890. W,,, 1-108840.6344 0.8185
=

£\ Rit L-N 191 |2.29—10.20 mm| R=0.0401 . ¢ 0-384420.02221 0.9667
L

! —

% Rih | Li-Ly | 115 {0.32— 1.05mm| R=0.0717 - ¢ 2:461910.2725h 0.8573
X ! i
o 1 LvieN 76 {093~ 1.53 mm| R=0.0055. ¢ 5-0154+0.3879h 0.9489

—
o
Q.

3,
o
T

-
o
1

oxygen consufnption (R, mm? 0, /indiv-h}
o
(5.}
1

'

] !
0.3 PS5 10 50 100 500
wet weight {W,,mg

Fig. 11. Relationship between oxygen consumption (at 20°C) and wet weight (W,
mg) in C. dipterum (logarithmic scale); denotations 1, 2, 3 and 4 — as in Fig. 10
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Fig. 12. Relationship between oxygen consumption (at 20°C) and head capsule
breadth (h, mm) in C. dipterum (semi-logarithmic scale); denotations 1, 2, 3 and 4 —
as in Fig. 10

consumption (R, mm?3 Oy/h-indiv.) and wet body weight (W, mg) for
the above-mentioned developmental periods was described by logarithmic
regression equations (Tab. XII). Below we present the logarithmic form
of these equtions (with application of 95%¢ confidence intervals for coef-
ficients a and b of the regresions).

For stages from I; to Ly (n=115):
log R=(1.681010.0191)+(0.5624+0.0488)-log W ;

and for stages from Ly; to Ny (n="176):
log R= (1.2406+0.0794)+(1.4658 + 0.0955) - leg W ;.

The big differences in oxygen consumption between the two distinguish-
ed developmental periods, evident from the distribution of points in the
plot (Fig. 11), were confirmed also by statistical tests (d,=37.64 — HS).

For the winged forms, the relationships: R/W,, (Tab. XII, Fig. 11)
and R/W4,, (Tab. XI) were described, separately for each sex, by loga-
rithmic regression equations. No correlation between the volume of
oxygen consumed and linear dimensions was found for these stages (cor-
relation coefficient » was nearly zero).

The change in the oxygen requirement during the development of
C. dipterum, expressed by an increase in the oxygen consumption rate
and higher coefficients b of regressions of R/W;, R/W4,, and R/h before
metamorphosis, indicates that possibly in the older larvae and nymphs
the physiological processes are more mtense that in the younger develop—
mental forms.
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4. DISCUSSION

As expected (Winberg 1968), the curves of the increase in bedy
weights of C. dipterum are of a typically S-shaped nature (Fig..3). Changes
in the linear dimensions of the body, similarly as in the other mayflies
studied from this angle (e.g. Trama 1957; Bretschko 1965; Clif-
ford 1970), are relatively uniform and proportxonal to the stage (Fig. 2).

The equation describing the relationship between wet and dry body
weight of C. dipterum, as calculated in this study, differs significantly
from an analogous equation given by Pattée (1968): W,,=0.1+4.6 W4,
(with the use of significance tests we obtained: d,=2.48 — HS). However,
it is stressed that the equation given by Pattée results from studies of
animals whose dispersion range of weights (1.6—5.3 mg wet weight) is
too narrow. Individual variability greatly influences the fluctuations of
the slope of the regression lines, this resulting — in case of a small
dispersion of body weights — in a wide 95%s confidence interval of
coefficient b (Pattée has obtained a value of b remaining between 4.1—
5.1). An additional Pattée’s error consists of the use, in the calculations,
of mean body weight obtained by weighing of 44 groups, 2—30 individuals
each. Moreover, drying at 110° C (Pattée) might have caused losses of
a part of organic matter and underestimation of dry body weight (D o w -
giallo 1975). In the present studies, the greater number of measure-
ments (n=1096) involving animals with wide dispersion of body weights
(0.056—21.24 mg wet weigth) permitted us to calculate a regression equa-
tion with a more narrow 95%e¢ confidence interval for coefficient b (from
3.8 to 4.1). Thus, this equation was applied for conversion of wet and
dry weight of C. dipterum, though it is not necessarily of universal ap-
plicability. It seems that the water content (79%) in the body of larvae
and nymphs of C. dipterum, as reported by Pattée (1968), is also
somewhat overestimated; our results (Tab. III) are by about 1-—8%e lower.

Considerations of the regressions between the biometric parameters
(Tab. V) showed that the rate of the increase in dry weight relative to
body length (Fig. 6) is nearly constant, and that it is described by one
regression equation for the whole developmental period of larvae and
nymphs of C. dipterum. On the other hand, the increase in wet weight
relative to the linear dimensions (Fig. 7) is more rapid for the young
larval stages than for the later developmental stages. The change in the
rate of the increase in wet weight on the turn of stages Ly and Ly is
related to a drop in body hydration in older larvae (Fig. 5).

It is known (Winberg 1968) that in case of isometric growth
(without changes in the shape of the body) coefficient b of the regression
of the relationship between body weight and the. linear dimensions ap-
proaches 3. Values of coefficients b of the regression obtained for C. di-
pterum (Tab. V) testify to “gaining weight” in the aquatic stages, whereas
in the winged stages these animals “lose weight”.

The development of C. dipterum is associated with an increase in
the caloric value of the body and with an increase in the caloric equiva-
lents in the successive stages. The values obtained (Tab. VI) correspond
to the mean caloricity of aquatic invertebrates, amounting to 4.42—6.64
keal/g dry weight (Prus 1970). The caloric value was maximal for the
subimago stage (by about 29 and about 23% higher in females and males,

[
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respectively, as compared with stage Lj). Similar values have been
obtained by Trama (1957) for another species of Ephemeroptera —
Stenonema pulchellum; this author has likewise observed an increase in
body caloricity during the development of this species (5.290 and 5.710
cal/mg for nymphs 4 and 7 mm of length, respectively).

The oxygen consumption values were also consistent with the literat-
ure data. Fox, Simmonds (1933) have found for C. dipterum larvae
a mean oxygen consumption of 1.780 cm3Oy/h-g dry weight (at 17°C).
Kamler (1970) has reported for C. dipterum larvae with mean dry
weight of 0.21 mg an oxygen consumption amounting to 1.859—2.655 cm?
Oy/h-g dry weight (at 20°C). In the present studies a mean individual of
the aquatic stages (L;—N), weighing 0.36 mg dry weight, consumed
2.17 em30y/h-g dry weight. Trama (1957) has found for Stenonema
pulchellum a mean value of 1.74 cm3 Oy/h-g dry weight (at 20°C).

Respiration measurements were performed at 20°C, this temperature
remaining within the optimal range for the investigated species (Iva-
nova 1958). Moreover, at this temperature the oxygen consumption is
high enough to permit detection of the more distinct differences between
the investigated stages. The size of the respirometric vessels enabled
relative motor activity, but during the measurements the animals were
deprived of food. However, Kamler (1969) has observed that even
50-h starving fails to influence considerably the respiration of C. dipte-
rum. Ivanova (1958) has reported that in larvae of this species diges-
tion causes an increase in the metabolism by only 8.4—13.4%¢ (mean
about 11%). Studying separately the respiration of immobile, active,
starved and fed larvae, Ivanova (1958) has calculated their 24-h
oxygen consumption; a C. dipterum larva weighing 5.7 mg wet weight
consumed an average of about 8.65 cm3? O,/g wet weight per 24 h, this
representing a “cost”=41.74 cal/g wet weight per 24 h (24-h losses of
caloricity for respiration amounted to about 0.24 cal/indiv.). Calculation
of our own data (Fig. 8) afforded values approaching the results of
Ivanova (1958), i.s. a “cost”=46.32 cal/g wet weight per 24 h, i.e. about
0.27 cal/indiv. (for body weight amounting also to 5.7 mg wet weight).
~ Trama (1957) has calculated for Stenonema pulchellum nymphs
(4—6 mm long) a mean maintenance cost of about 0.24 cal/indiv. per
24 h (a mean individual required 8.07 cal for an increase in body length
by 1 mm during 33 days).

. Changes in the oxygen consumption rate during the development of
C. dipterum, as observed in these studies (Fig. 9), seem to be charac-
teristic of Ephemeroptera. Likewise, Ivanova (1958) has observed a
high oxygen consumption rate in the youngest forms of C. dipterum
{about 0.83 cm3 Oy/h-g wet weight) and in the oldest forms, whereas for
medium larvae (about 5 mg) a minimum value (about 0.22 cm3 O/sh-g wet
weight) has been obtained. Hilm y (1962) has found similar fluctuations
in the oxygen consumption rate during the development of three other
species of Ephemeroptera (Habroleptoides modesta, Hobroleptophlebia
lauta and Ephemerella ignita).

The course of changes (Fig. 13) in oxygen consumption (cm?3 Oq/h),
calculated per unit of weight (curve 1 — per mg dry weight. Curve 2 —
per mg wet weight) and per one individual (curve 3), as a function of
changes in wet body weight (W,,, mg) in the successive development
stages of C. dipterum indicates that the nature of curves 1, 2 and 3 is
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Fig. 13. Oxygen consumption (at 20°C) in the successive developmental stages of

C. dipterum as a function of wet weight: 1 — oxygen consumption, mm3 Os/h*1 mg

dry weight, 2 — oxygen consumption, mm? Oy/h*1 mg dry weight, 3 — oxygen con-

sumption, mm?3 O,/h-indiv., 4 — percentile content of dry weight in bodies of larvae
and nymphs

consistent witl. the general biological regularities. At the successive
stages, oxygen consumption of a mean individual (curve 3) rises with
age, because the body biomass increases. The drop for the winged stages
(drop of curves 1, 2 and 3) is caused by a decrease in body weight and
by the economical energy metabolism of the non-feeding forms. Curves
illustrating the oxygen consumption rate (1 and 2) at first proceed in
parallel; the differences observed for the final stages of development are
related to a drop in body hydration, which is abrupt at this time (curve 4).
From the stage of nymphs, sexual differentiation is reflected by the
respiration, since the oxygen consumption rate indices are higher for
males. In the period from stage Ly to transformation of nymphs, curves
1, 2 and 3 indicate an increase in oxygen consumption which is faster
than it could be expected from body weights. On the turn of stages Ly
and Lyj, the oxygen consumption rate increased (Tab. VIII, Fig. 9);
coefficients b of the regression of the relationship between the oxygen

consumption rate and body weight were also higher (Tab. XII, Figs. 11
and 12).

In classical regression (Winberg 1956), the relationship between
the oxygen consumption rate (R, mm3 Os/h-indiv.) and body weight
(W,,:, mg), calculated for two species of genus Cloéon (body weights
0.19—10.25 mg), is expressed by the equation:

R=0.872 W, 08
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Alimov (1971) and Ivanova, Alimov (1973) have reported, con-
sistently with Winberg (1956), for Ephemeroptera larvae (weighing
0.6—151 mg) the following general equation:

R=1.435W, 0803

In the present studies we calculated one common regressxon from all
oxygen consumption measurements (n=191) by individuals of the
aquatic stages of C. dipterum, and obtained:

R=0.548 th(0.835t0.040)

In the above equations of the Russian authors, the high value of
intercept a, being about twice higher than that calculated from our own
results, is noteworthy. It can be assumed that the above authors have
calculated the regression from the results of oxygen consumption measu-
rements made for only two groups of larvae: the youngest and oldest
ones. We calculated the equation of regression from our own measure-
ments obtained for the two above groups of larvae, without consideration
of the intermediate stages, and found for intercept a the value of 0.86,
being closer to that reported by Winberg 1956 and Alimov 1971

The value of coefficient b of the regression calculated for all invest-
igated developmental stages of C. dipterum is closely similar to the value
reported by the above authors. However, statistical comparison of coef-
ficient b of this regression (0.835) with coefficients b of the regressions
calculated separately for the two developmental periods (Tab. XII, Fig.
11) gives d,=8.62 (for period I}—Ly) and d,=12.14 (for period Ly—N).
Thus, the relationship between oxygen consumption and body weight of
C. dipterum cannot be described by the common regression equation,
because this regression differs significantly (HS) from the regressions
calculated separately for both age groups and it does not correspond to
the real relationship R/W,,; for the developmental periods of this species.
Therefore, for ecologlcal and bioenergetic purpose it seems justified to
use two regressions in the calculations, consistently with Tab. XIIL

An analysis of the biometric data suggests the occurrence, in the
development of C. dipterum, of two periods differing in the intensity of
the physiological processes. Results of oxygen consumption measurements
confirm this assumption. The initial period of larval development (stages
I1—Ly) is characterized by a rapid rate of increase in body weight (see
chapter: 3A) which is probably equal for both sexes. In laboratory cul-
tures (Cianciara 1980), at stage Ly the first differences between larvae
of both sexes occurred, since the females began to predominate over males
in body length (i.e. in body weight as well). In the second period of the
development of C. dipterum (stages Ly;—N), the increase in wet weight
relative to the body dimensions is somewhat slower, whereas the meta-
bolic processes become more intense, as expressed by a much higher
oxygen consumption. The high oxygen consumption rate, found for the
second developmental period, is probably related to the abrupt
development of gonads at this time (Soldan, pers. comm.). The
most intense development and growth of the sexual glands in females
takes place earlier, probably at the stages of older larvae (Lyp, Lyi); this
intensifies the physiological processes in a mean individual of this species
during the period before in these studies sex has been distinguished. The
higher oxygen consumption rate in nymphs and winged forms of males
may be due to the later maturation of gonads in this sex.
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5. SUMMARY

The present studiés comprised the determination of the biometric parameters
(body dlmensmns and weights) and bioenergetic parameters (caloric value, respira-
tion) for the successive developmental stages of C dzpte?'um larvae (stages Li—Lv),
nymphs (NI, Np), subimago (S) and imago (A). A total of 1149 measurements of
body length, head capsule breadth, and wet and dry body weight, as well as 89
combustions in a calorimetric microbomb- and 232 measurements of oxygen con-
sumption at 20°C were performed. The course of changes in the measured values
with the development of C. dipterum was analyzed. 1t was found that the linear
dimensions increase uniformly and in proportion.to the size of the stage; the curves
of the increase in wet and dry weight are S-shaped. The caleric value of the body
increases with the development from 5.02 cal/mg dry weight (for stage Li) and
attains a maximum at the subimago stage (6.50 and 6.18 cal/mg dry weight in
" females and males respectively). At the successive stages, oxygen consumption of
a mean individual increases with age and with a rise of body biomass, whereas
the oxygen consumption rate varies, béing highest for stage L; and lowest for
stage Lvr (5.07 and 1.30 mm?3 Oy/h-mg dry weight, respectively). An analysis of the
biometric data showed that the rate of the increase in dry weight is constant during
the development of larvae and nymphs of C. dipterum, and that it is expressed
by the equation: Wary=0.001-1368 (r==0.98), whereas the increase in wet weight
relative to body length is faster in young larvae (stages Li—Ly) than in the later
development (stages Ly;—N). On the other hand, the younger stages exhibited
a much lower oxygen consumption (R= 048 th" 56) relative to body weight than
the older forms (R=0.17- W14, '

Thus, the development of C. dzpterum ‘while characterlzed by a constant rate
of the increase in dry welgh’c relative to body length and by\a constant increase
in the caloric value of thé body, exhibits two periods dxffer}ng in the intensity of
the physiological processes: period 1 (comprising stages L;—Lv) characterized by
a higher rate of the increase in wet weight (and a rise of body hydration), and
period II (comprising stages Lvyi—N) characterized by higher oxygen consumptlon
(and a drop in body hydration).

6. STRESZCZENIE

w przeprowadzonych badaniach wyznaczono wartosci parametréw biometrycz-
nych (rozm1ary i ciezar ciata) i bicenergetycznych (wartosé kaloryczna, respiracja)
w kolejnych stadiach rozwoju C. dipterum: larw (stadia Ly—Lvn), nimf (Ni, Np), sub-
imago (S) i imago (A). Ogélem wykonano 1149 pormiaréw diugosci ciala, szerokosci
puszki glowowej, mokrej i suchej masy, 89 spale’s w mikrobombie kalorymetrycznej
oraz 232 pomiary zuzycia tlenu w 20°C. Analizowano przebieg zmian zmierzonych
warto$ei w miare rozwoju C. dipterum. Stwierdzono, ze wymiary liniowe wzrastajg
réwnomiernie i proporcjonalnie do wzrostu stadium, za$é krzywe wzrostu mokrej
i suchej. masy sa S-ksztaltne. Warto$é kaloryczna ciala wzrasta wraz z rozwojem
od 5,02 cal/mg suchej masy (w stadium Lj) i osiaga maksimum w stadium subimago:
6,50 cal/mg suchej masy (samice) i 6,18 cal/mg suchej masy (samce). Zuzycie tlenu
przez przecigtnego osobnika na danym etapie rozwoju wzrasta wraz z wiekiem
i wzrostem biomasy ciala, lecz intensywnosé zuzycia tlenu jest zmienna: najwyzsza
w stadium L (5,07 mm?3 O,/godz. mg suchej masy), a najnizsza w stadium Ly; (1,30 mm3
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Oo/godz. mg suchej masy). Analizujac dane biometryczne stwierdzono, ze tempo
wzrostu suchej masy jest stale w rozwoju larw i nimf C. dipterum i wyrazone row-
naniem: Wary=0,001-13%® (r=0,98), podczas gdy wzrost mokrej masy w stosunku do
dlugosci ciala u mlodych larw (stadia Li—Lv) jest szybszy, niz w p6Zniejszym okresie
rozwoju (stadia Lyv:—N). W mlodszych stadiach stwierdzono natomiast znacznie niz-
sze zuzycie tlenu (R=0,48-Wy%%) w stosunku do masy ciala, niz u form starszych
(R=0,17" W,:1,57),

Tak wiec, w rozwoju C. dipterum przy stalym tempie wzrostu suchej masy w sto-
sunku do diugosci ciala oraz stalym wzroscie wartosci kalorycznej ciata istnieja dwa
etapy o réznym nasileniu proceséw fizjologicznych: etap I (obejmujacy stadia Li—Ly)
charakteryzujacy si¢ szybszym tempem przyrostu mokrej masy (i wzrostem hydra-
tacji ciala) oraz etap II, obejmujacy stadia Lyr—N — wyisze zuzycie tlenu (i spadek
uwodnienia ciala).
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